Chin. Phys. B Vol. 29, No. 8 (2020) 087301

Quantization of electromagnetic modes and angular momentum on
plasmonic nanowires”

Guodong Zhu(4[E#%5)!, Yangzhe Guo(Fi###6)!, Bin Dong(Et)>", and Yurui Fang(J7 i) -+

1 Key Laboratory of Materials Modification by Laser, Electron, and Ion Beams (Ministry of Education);
School of Physics, Dalian University of Technology, Dalian 116024, China
2 Key Laboratory of New Energy and Rare Earth Resource Utilization of State Ethnic Affairs Commission, Key Laboratory of Photosensitive Materials &
Devices of Liaoning Province, School of Physics and Materials Engineering, Dalian Nationalities University, Dalian 116600, China

(Received 2 May 2020; revised manuscript received 22 May 2020; accepted manuscript online 27 May 2020)

Quantum theory of surface plasmons is very important for studying the interactions between light and different metal
nanostructures in nanoplasmonics. In this work, using the canonical quantization method, the SPPs on nanowires and
their orbital and spin angular momentums are investigated. The results show that the SPPs on nanowire carry both orbital
and spin momentums during propagation. Later, the result is applied to the plasmonic nanowire waveguide to show the
agreement of the theory. The study is helpful for the nano wire based plasmonic interactions and the quantum information

based optical circuit in the future.
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1. Introduction

It is well known that surface plasmons polaritons (SPPs)
existing at interfaces between metals and dielectrics are co-
herent collective oscillation of free electrons (with coupled
electromagnetic field) at the surface of metal. The unique
properties of plasmons on nanoscale metallic systems have
produced a number of dramatic effects and interesting ap-
plications, such as molecule detection with surface-enhanced
Raman scattering,!'=3! biosensing,[*] waveguiding,[¢-%!
hanced interactions,®'9 and switching devices below the
diffraction limit.'"-'?! Plasmonic nanowires have been attract-
ing a lot of attention as SPP waveguides, analogy to opti-
cal fiber waveguides but within a hundred nanometers scale
cross section, which breaks the diffraction limit. The strong
confinement and small mode volume of plasmonic wires fa-

en-

cilitate the strong coupling between quantum emitters and
(13.14] the low Q factor Fabry—Pérot resonator,!']
and nanowire-wire based plasmonic devices and chips.[!!-16:17]
The properties of keeping quantum information like entan-
glement of plasmonic waveguides!'®2!) now have the poten-
tial applications in quantum information and fundamental re-
searches.

nanowire,

Surface plasmons are quantized electric charge density
waves, while usually a lot of the phenomena can be illustrated
with classical Maxwell equations in this boosting area in the
past twenty years.!??! In the meantime, quantum theory de-
scriptions were also developed to explain the phenomena such
as non-locality, >3] tunneling,?*>! hot electrons, 2281 and so
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on.?! Especially quantization of surface plasmons for com-
mon systems like plane metal interface*”) and nanoparticle!3!!
has been developed to deal with the interactions between the
plasmons and the surrounding molecules,?>=* which is, in a
lot of conditions, beyond the Maxwell’s theory. Now quantum
plasmonics has been a rapid growing field that involves the
study of the quantum properties of SPs and their interaction
with matters at the nanoscale.*]

The quantization process was usually performed by quan-
tizing the electric field or considering the hydrodynamics
meantime. Using Hopfield’s approach,*®! Elson and Ritchie
reported the quantization scheme for SPPs on a metallic sur-
face considering the hydrodynamics.*”l Archambault et al.
reported the quantization scheme of the surface wave on a
plane interface without any specific model of the dielectric
constant. [*8] Huttner and Barnett introduced a new quantiza-
tion method by extending Hopfield’s approach to polaritons
in dispersive and lossy media.?*) In Archambault’s works,
they redid the quantization of the plasmons on plane interface
in modern fashion for explaining the spontaneous and stimu-
lated emission of SPPs. 38! Waks have re-quantized plasmons
on nanoparticles under quasi-static approximation for describ-
ing the coupling of a dipole and a particle. And in Board-
man’s work, the SPPs in different typical coordinates were
dealt in common way with Bloch hydrodynamical model. 4]
However, quantization of SPPs on cylindrical nanowires needs
more investigation to illustrate more details and phenomena.

In this paper, a quantization scheme of SPPs on a cylin-
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drical nanowire waveguide is introduced. The canonical quan-
tization method is used, which is to identify the generalized
coordinates and conjugate momentums. After getting the ex-
pressions in Fock states, the orbital and spin angular momen-
tums are deduced. With the results one will find that the modes
on the nanowire waveguide carry both orbital and spin angu-
lar momentums, which is consistent with the classic theory
result from Picardi.[*!! Following that, the formulas are ap-
plied to describe the SPPs on a nanowire in the waveguide,
which shows good agreement. With the properties, SPPs on
nanowires can easily carry quantum information and keep the
entangle properties of the incident light.[?04>=44] The results
will be very helpful in the quantum information and light—
matter interactions research.

2. Quantization description of surface waves

Let us consider SPPs propagating on the interface of a
cylindrical metal nanowire (& = 1 — @ /@?, the imaginary
part is ignored because in the resonance range, the dissipation
is small, which is also for avoiding the non-orthogonality of
the expending bases) along z axis with radius R in a homoge-
neous lossless dielectric medium (g; > 0). The electric and
magnetic fields satisfy

[ E 2 ([E _
{E) i lE)e o

The solutions of E and H in the cylindrical coordinates can
be deduced in standard steps (Appendix A).[!4]

Fig. 1. Schematic illustration of SPPs propagating on a plasmonic cylin-
drical waveguide, kn =k, = 0-p+mky®d +k; n2

To simplify the process in the following, the electro-
magnetic scalar and vector potentials @ and A working in
Coulomb ¢ gauge (@ =0,V - A = 0) are introduced here.
With E (r,t) = —1 aA(T D and H (r,1) = L 1V X A(r,1), the
vector potential A (r, t) expansion over modes in a volume V
can be expressed as

1 .
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14 k.m '

oor i im

Apm (1) ek — w{ {kj,mpaj’ij’m (kJ}mLp)
ik mijml N
HpmEims bl ( ,-,,up)]p
j,m

k
+ |:— ]iijlajva]{,m (k),mlp)

P Frm (K )}é
) jmL jom j,mlp
kjp
2

k> . .
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o 22
where k; ,, 1 = kj ka,

ik = ei(mq)JrkH ‘mZ)

kn=k), is defined just for simple,

the phase factor e shows that the surface
waves have both components on z and ¢ directions (Fig. 1).
Ky =0-p +mkyptkym2, 7 =pp+opp+z2. Hereky = 1/p
and ry = ¢p are set to keep the dimensional consistency.
The subscript j = 1,2 represents the region outside and in-
side of the cylinder nanowire boundary characterized by dif-
ferent dielectric functions. m is the azimuthal quantum num-
ber. The functions Fi ,, (x) = Hy, (x) and F, (x) = Jp (x) are
Hankel and Bessel functions. a;,, and b} ,, are arbitrary coef-
ficients, which can be fixed by imposing the boundary condi-
tions of interface between the wire and surrounding dielectric.
Ajm (1) is the time-dependent amplitude and can be written
as Ak’me_i“” . Because each mode in the waveguide can be
represent by order m, in the following we use m to replace k,,
and A,, to replace Ay ,, for the modes subscript. Due to the
normalization condition

/ dretbnre b T —y§ )

mm

and the orthogonal of the Bessel function, different modes are
orthogonal. The amplitudes A,, are complex. The complex
conjugate item is added to make the field be real

— Z {Am (t)e*n T +cc.|. 5)

k,m

A(r,t) =

The canonical momentum p (r,7) = ﬁA satisfies the com-

mutation relation*’!

[Am (7'7[) P (’I’/,I)}

Now define the cannonical coordinates and momentums as

1 *
Qm = “ W(Am_FAm)? (7)

= (An—A3), ®

= ih8,, w8 (r—1"). (6)

which make

A(r,t) =

m

Varc?
ek
10A(r,1)
c ot

= Z\CZwm {Qmsmkz 'r—l—L P,cosk - ] (10)
B(r,t) = VxA(r,t)

= Amc? Zk X {Qmsmk r+—P cosk - fr}

N
Y

Integrating the square of the electric and magnetic fields over
the volume V and using the orthogonality relation, the total
Hamiltonian is

S 2 1 2, 1202
H=o [@r(IBP+1BP) = 3 L (P2+2Q}). (12)

m

Q) .cosk-r — wLPmsink . r] , )

E(r,1) =

087301-2



Chin. Phys. B Vol. 29, No. 8 (2020) 087301

Take the commutators for the canonical coordinates and
canonical momentums (which can also be got from Eq. (6))
as

Now introduce the creation and annihilation operators
1
a, = —— +iP, 14
l
T
a = . 15

Based on the definitions, we have

1 . .
[am»ajn] = % [a)QO'i‘lea COQO - IPm] s
1
= ho (_lwm[ana ]‘i'lwm[Pman]) =1. (16)

Considering the positive and negative wave vector sums, the
quantized vector potential, electromagnetic fields, and Hamil-
tonian are

27c2h 1 b i
A(r,t) =/ % Zﬁ[amelkm +a) e kT (17)
m m

V27h ik, - T —ikyr
WZ\/am[amelkm —aye T,
m

. [2mch 1 . ik,
=i\ = ;Tam Ep X [ane® ™ —al e kT,

(19)
=Y 1 (nn+1/2), (20)

E(rn) =i (18)

fan+1/2)

H=Y H,=) hoy(a
m m

with n,,, = afnam being the number operator. And the evolu-
tion obeys

ihé, = [an, H), 1)
iha! = [a), H). (22)

3. Polarization and angular momentum
We set €, = (1,0,0), &3 = (0,1,0), &, = (0,0,1). Be-

cause A (r,t) is a vector which can be expressed as A (r,t) =

J A
—%95P
la = (rxV)Aglp-r =Y., Fa (zap—Ra%>¢) A
9 2
¢
Z
, 21c2h 1 —R™
_ T —lk”‘m’l':| ~
c
mo 14 Zm \/amra m

Y o €aAq(r,1), the creation and annihilation operators can
be expressed correspondingly as a,, = Yo €q@m o (7,¢) and
a, =Yy &hay o (r,1), and we have

N iky T At —ikyr
€qly e +eaa,Tn’ae m T, (23)

r’
27rc2h2 1 [
V Vo,

Z\F Eqamae™ " —&hal, e TP (24)

E

r,t

Ck:m ~ ik
Z X [€g @ g™ ™ —
m,o

&la), e k] (25)

And the momentum is given by

ExB
— [ 33
P / " 4mc
2
1
= &o x (K x&y) d3 Sl
dnc V r;xmlza/ o o / r(a
_a;,aeilkm ’r')(a /! /elkm’ r a:'n,‘a/efik:m/.r)
h
= 471: Zk A, aama+a aama thmnm, (26)
m

The zero point term 1/2 is cancelled by the terms of +k,, and
—kpn.

With the above results we will discuss the quantized field
properties in the nanowire, such as spin and orbital angu-
lar momentums (SAM/OAM) and polarization. It has been
known that the optical angular momentum is

I
J = Tm/d3rrx(ExB)

1
= —/cﬁr[Ea (rx V)Ag+E x A]. 27
47mc
The first term of the right hand is the orbit part and the second
is the spin part. The orbital angular momentum density on the
surface is (Appendix B)

_z
2717027"1 Rmk¢ ik
Zm _kz,m Ay I
m mk¢
[amee™®Im™ — a) e FilnT), (28)

With the creation and annihilation operators, the orbital angular momentum is

_z
1[4 in On . . 3 &Mk R T
= e d ”Eoclazﬁzmm/‘a,a/wea'ea’ d°rR [ —kem [amae ™ — @, el }[am’a’e llm
’ vV Wi Wy mkq)
. 0
i ik ] _ 10 Rk P gt -V in 29
—-a e I _?Zm’a wm | (amaah gFab game) =Y, ihlym, (29)
m
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0

lm = _sz,m 5 (30)
m

L. = =iny mny, 31

\kl

where n,, ¢ = aj,,yaamﬂ and n,, = a:;am.

In the above expressions, one can rewrite the phase factor

eikH‘m'l’ — eik:m~7‘ i(mo+k;z)

=e
= [cos (m¢) + i sin(m¢)]e'*=, (32)
eik'Hfm"‘ — eik,m-r — ei(7m¢+kzz)
= [cos (m¢) — isin(me)]e’ =, (33)

which shows that the field rotation is very similar to the circu-
larly polarized light. Then if we absorb the phase factor "¢
into the creation and annihilation operators, we can directly

write
lkm'l’ Z lkm-'l’
o
o A, ikH.m‘r _ ikzZ 34
= +a€qlmae " =ap e, (34)
o
a_ne® " = agne’s, (35)

where L and R sign here referring the chirality without fur-
ther explanation and we will see the physics meaning later.

A_,(t) = —-A,t), An(t) (m = 0,£1,£2,...) compose
over-complete bases and so as a,,.
The spin angular momentum density is
i
S:EXA:£(EQ(SQ)[5,},AO(), (36)
(Sa)ﬁy = —ilieqpy. 37)

The operator S, defined here satisfies the commutation rela-
tion (Appendix B)

[(Si),(8))] = iheij(Sk), (38)

which shows that it is a spin operator. Calculating S, s = 1
corresponding to spin-1 (SPPs are the quasi-particles) can be
obtained as

= (S)in(S)n = (=11)* (8100 — G1nGmn), (39)
(Sz)znz( 1)* (81— 381n) = 2178y, (40)
s(s+1)=2, s=1. (41)

The total spin momentum is
1 3 1 3
S = m/d r(s)zﬂ/d rEa(S)ﬁyAa, (42)
—1 ihc iRy
S = yP— %Eeaﬁyeaxew/d rlam o'
_"_ajn!ae 1km/ 7‘] [am’7a/eikm T a[ - a,e lkm/-’"]’ (43)

Z Eapyla X e (Ama), o — @, 4@ o). (44)
moo!

27t

Because both m = m and m = —m’ give the same results,
so we put a factor 2 in the last step. Using €4 X €p = 12:7,

(a7B7y: P»¢7Z), we get
S= Z ihl%m’au(am_’aajm

mocot’

= Q) Gmy).  (45)

From the expression one can clearly see that the spin in one
direction (like ¢ direction) is yielded by the other two com-
ponents (p and z) of the field. It also agrees with that there is

Re{;ﬂ) [46] for surface waves which

transverse spin (S| =
is represented by the elliptical trace of the field vector at local
points.

For plane waves, polarization is usually defined as €] = &
and €,

& =8y = % (#+ig)andég=¢&_= ﬁ (& —i9). Follow-

= 9. Then circularly polarized light is expressed as

ing this, here we define [47]
(ep+igy), (46)

(ép—iéy). 47)
Then
éﬁamﬁ—l—éyam’y
1 . | B R
= ﬁ (Sa,L +Sa,R) am,ﬁ‘l‘m (Soe,L - Sa,R) Ay

1 1
ﬁ (am,ﬁ - iam,y) SAmL‘Fﬁ (am,ﬁ + iam,y) foc,R- (48)

So we can define new circularly polarized operators
1

Ania= 75 (A —iamy), 49)
1

AR = 7 (a'm gtiam y) (50)
1 .

ahia= 5 (ahp—iahy). 51)
1 .

Ohra= 75 (a5 +iahy), (52)
with am_,LmaL’L’a] =1 and {am_,R,a,aLR,a] = 1. One can
get

1
Qg = ﬁ (a‘m7L~,0‘ + am,R,a) ; (53)
i
Ay = ﬁ (anLL,a - am,R,(x) , (54)
1 .
o t +
O = 2 (am,L,a +am,R_a) ; (55)
I i
Q,y= \@ (am,L,a - a’m,R,(X) . (56)
Obviously,

Z éaam,a = Z (§7,Lam,L7y+§)/,Ram,R,y)a (57)
a=o,f Y
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A KA. ot
Y &lah =Y. 5 a0 8 kahky) (5B
a=o,f Y
Now the spin operator becomes
S = Zh’%m,a(al’Lﬂam,L,a - ajn,R,ocamR,a)
mo
= Zh’%m,a(nmAL,a - nm,RA,(x)a (59)
mo
s S kg
Sa = . (60)
Tkl
Then the total angular momentum can be expressed as
J=L+8 = ZM ik, o fim, o
+ Yt (Mimsa — M) (61)

m,o

4. SPPs on silver nanowires as waveguides

The nanowires performed as plasmonic waveguides are
usually in homogeneous medium and excited with light per-

pendicular to the wire axis on one end.[®! The local symmetry
at the terminus of the wire is broken when the SPPs are ex-
cited, so the phase factor e becomes cos (m@) or sin (m¢).
For thin wires, the higher-order modes |m| > 2 are cut off.[!4]
And the retardation effects are significant, which will cause
the excitation phase difference for |m| = 0 and |m| = 1 modes

[48] The three lowest modes are excited si-

as shown in Fig. 2.
multaneously and propagating in a fixed phase delay. When
the wire is excited by a beam of light propagating along y
direction with linear polarization at 45° with the wire axis,
the polarization can be decomposed into x and z directions.
The z component will excite m = 0 mode and m’ = +1 mode
(sin (m¢)) with /2 phase difference. The x component will
excite m = +1 mode (cos (m¢)) with the same phase of the
m = 0 mode. So the potential vector can be expressed as (only

consider the outside of boundary, the inside is similar).

Fig. 2. Schematic illustration of the plasmonic cylindrical wire excited by light at one terminal for lower order modes. The light goes along y
direction and the polarization is at 45° with the z axis which can be decomposed into x and z components.

(a) |

m =0, —2,

(b)
m=0, —1
AL e ST rassees s L LYY

m=0, +1
AT v e—— T TTRRERRRLL

m =0, sin(®) A, = ;1ei2h>
A m——e-: IIEY T ootusm—t s  TIETT] + 600000000

Fig. 3. (a) Schematic illustration of the superposed m = 0 mode and m > 0 modes, which is similar to the vortex waves with / = 1,2,3. The red
lines represent the maximum of the beats waves; the lighter lines indicate the beats behind the wire and the darker ones indicate the beats on the
reader’s side. (b) The scheme of electric field distributions on plasmonic cylindrical nanowires excited by focusing light on one left terminals
with polarization at +45°(AL), —45°(AR) and 0°(A°) directions to z axis.

A (ry1) = Aoei(kZTOZ*wt) + A cos(9) ei(kZ.JrlZ—(Dt)
TN i — z
+ A, cos (q) _ 5) cilkez-ort %)
= Aoei(kz.oz—cot) + A cos ((p)ei(kz,JrlZ*COl)
+iA Sin((]))ei(kz#lszl)

— AOei(kzvozf(J)l) +A+]ei¢€i(k‘—"+1Z7wI). (62)
It can be rewritten as
Ale (r.t) = Aoei(kz,oz—mz) + A+lei¢ei(k2,+127wt)
— ei(kz,oszt) (A0+A+1ei(Akz+¢)), (63)

where Ak =k, 11 — k0, AkZ + 9 = Ak = ki1 — kmo.
When the wire is excited by a linear polarized light at —45°, it

can be expressed as

AL (r1) = Aoei(kzyoszt) +A_lefi¢ei(k“1z7mz)

— ei(keoz—ar) (Ag+ A_el&k9)). (64)

The factor el(3<+9) shows the spiral propagation of the SPPs
clearly as in Ref. [48] (shown as Fig. 3), where the coher-
ent interference of SPP waves of m = +1 and m' = +1 gives
a circularly-polarization-like wave (cos (¢) + isin(¢) = e'?).
The superposition with mode m = 0 will yield beat effect
(e!2%2), which stretches the circular wave into a helical wave as
the factor e!(®2+%) shown (Fig. 3(a)). The helical wave is very
similar to the vortex wave with orbital angular momentum
[ =+1 (Figs. 3(a) and 3(b), A’f). Analogically, the SPP waves
on cylindrical nanowires with higher modes m = +2,43,...
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are similar to the vortex wave of [ = +2,4+3,.... The spiral
is right handed which was mentioned in the polarization part
as ag . Similarly, the superposition of m =0 and m = —1
modes will cause an / = —1 helical wave (Fig. 3(b), Af). A
special case of the condition is when the incident polarization
is along the wire. Then

AY | (r1) = Agel (507 ) L A sin (9)eiker1z @)
= ei(kom®) (A) 1 sin(¢) Ay 1€25),  (65)

which shows only a beat at the ¢ = /2 side of the wire
(Fig. 3(b), A9).

With the vector potential, one can directly achieve the fol-
lowing results in Fock states:

Y eshon(a), amat1/2)|n),

m=0,—1;a

= Y hon(nwt+1/2), (66)
m=0,—1

HR|n>m = Z

m=0,+1;a
= Y hon(na+1/2), (67)
m=0,+1
L3
47rm

HL | n>m =

€qhimy, (a;.aam,u'i'l/z) |n>m

Z ko [ama;rn + ajnam} 1),
=01

= Z Ik, (68)
m=0,—1

h

R [

|n>m - Am

p"|n),, =

Z km[amajn + ajnam] |n>m
m=0,+1

= Z hkm”mv (69)
m=0,+1

L|ny,, -k,
||
=inY, o m¥n,=—n_yxih, (70)
L|ny,, -k,
||
= ihzm:0+1m*nm =ny *ih, (71)
Stn),, = Y hkno(Mmia—Pmra); (72)
m=0,—1,a

Y tkwa(nmia—Pmra)- (73)
m=0,+1,a

p

Lt |n), =

Z

R
L:[n), =

S¥|n),, =

Similarly, when the nanowire is excited by right circularly po-
larization (RCP) light, the electric field components of RCP
(E;,=Ey,E,= Eoei%) illuminate on the nanowire, resulting in
an analogous form of the vector potential
ARCP (,’,’ I)
_ Aoei(kz.oz—wt) + A+] cos (¢)ei(kzy+1z—a)t)ei%
T ; T
+ A jcos (¢ - 5) eilkriz-ort3)
_ Aoei(sz*a”) + iA+1 cos (¢) ei(kz__*_]Z*a)t)
+iA,;sin(9) ellkes1z—or)
= Agei(k\\-oszt) +iA (cos(9)

+ sin(¢))el(ket13=0r), (74)

The term cos (@) + sin (@) reflects that the oblique distribution
of the SPPs excited by the circularly polarization light is on
the ¢ = +m/4 side, which is shown in Fig. 4. For symmetry,
the over complete base of m can be used to describe the vector
potential
‘ 1 )
ARCP (1 1) = Agei(keoi—0r) | S((i+1)Ae?
+ A (i —1)e9)el(nzor)

= A()el(kz’oziwt) + E((l + ])A+1Cl¢

— A (i— e 9)eilkerizar) 75y

Fig. 4. The scheme of electric field distributions on plasmonic cylindri-
cal nanowires excited by focused LCP (AX°P) and RCP (ARCP) light
on left ends. The insets show the cross section at the wires at positions
iand ii.

From the expression one can see that the pattern should
be the superpostion of the two helical modes m = +1 and
m = —1. It is also consist with the fact that the circularly po-
larized light can be decomposed with two orthorgnal linearly
polarized light for the exciting light.

For LCP light excitation on one end, similarly we have

ALCP (rt) = Aoei(kz,oz—a)t)+A+lCOS(¢)ei(kZ‘+1szr)e—i%
TN i+ L
+A+1COS (¢ _ 5) el(kZHrIZ wt+2)
= Agei(k0:=01) _i A (cos(9)
— sin(9))e!(k1=7") (76)
. 1 .
ALCP (1) = Agei(keoz—0r) + 5 ((~141) Ase®
+A (11— i)e*iq’)ei(k%“z—“")
. 1 .
— Agei(keoz—or) 4 (=14 i)A, e
+ A (1+i)e9)ellkemiz—or), a7

The coefficient shows that the pattern of AMCP is the beat at
the ¢ = —m/4 sides (Fig. 4). And the results in Fock states
can be written as follows:

B, = %
m=0,+1;0

(]

- m:%}il (—s—;)lmlhwm (nm+1/2)

€qhiy, (ajn,aam-,a + 1/2)
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Z hoy, (nm+1/2)7 (78)

m=0,+1

Y, how(na+1/2), (79)

m=0,+1

h N
in Y kulawa),+a)an)
m=0,+1

1 |m]
<+2> |n>m
1 |m]
<+2> hckpny,

Tk, (80)

Y|}, =

.CP
pn), =

X

m:;,il
)

m=0,+1

Z hkph,, (81)

P n), =

L |n),, = |km| = ihzm:o,ﬂ ity
Z

1 |m|

RCP . ~
LZ | n>m = |km| = thmzo,:tl mitm
Z

|m
X <+;> n)m]:O, (83)

Z hl}m,a (nm,L,a - nm,R,Oz)
m=0,£1,0

S |n),, =

|m|
X <+;) |n>m], (84)

Z hl}m,a (nm,L,tx - nm,R,Oc)
m=0,%+1,a

<+ ;) " n>m‘| . (85)

From the expression one can find out that the orbital angular
momentum of SPPs on nanowire is zero under circularly po-
larized light excitation.

S*P|n),, =

5. Discussion

In the above, the electromagnetic modes of the plasmonic
cylindrical wire are deduced and quantized, which are consis-
tent with the quantized charge density wave on the wire with
hydrodynamic method“%*°! due to all of the charge responses
in optics are included in the permittivity of the material. One
can see that the spin of SPPs on the wire contains both trans-
verse components, which agrees with the conclusion of SPPs
on plane surface.*3921 The longitudinal components may
be from the curvature boundary of the wire.[>3! The higher
modes also carry orbital angular momentums, which is very
similar to the vortex wave. Along the wire, the orbital angu-
lar momentum quantum number can be 04,1 +2,.... Exper-
imentally, it can be verified by putting the nanowire in homo-
geneous medium and the helix can be shown with quantum
dots.['8 The momentum can be observed by using leakage

Fourier transform microscope.>*! The spin-based effects also
have an unprecedented potential to control light and its po-
larization, thereby promoting the research of optical chirality.
The spin angular momentum and the orbital angular momen-
tum will have coupling!*®! and cause some other effects on
the nanowire waveguide. In the experiment, the wires are sure
with limited lengths. If the wire is not very long, the SPPs
will be reflected by the other end and form standing waves,
which are like a Fabry—Pérot cavity.[”) When it interacts with
other systems like atoms or quantum dots, some hyperfine phe-
nomenon may be expected.!>>% In the above calculations,
the dissipation of the nanowire material is ignored. However,
if the imaginary part of the permittivity is considered (lossy
medium), the commutation relation for canonical coordinate
and momentum is not available any more, and the commuta-
tion relation for the creation and annihilation operators will
have a decay coefficient. When the decay term is absorbed in
the operators, all of the quantities will include the decay ef-
fect, and the ground state energy is also decaying because of
the damping.

6. Conclusion

In this work, the electromagnetic modes on a plasmonic
cylinder waveguide are quantized. The orbital and spin angu-
lar momentums are studied and it can be seen that similar to
the vortex waves, the plasmon modes on cylinder nanowires
carry both orbital angular momentum and spin angular mo-
mentum. The results may be helpful for the future quantum
information applications.

Appendix A: The electromagnetic fields of wire

The electric and magnetic fields satisfy the vector
Helmholtz equations

, [ E > (E _
V{H}ueatz H =0.

The vector wavefunctions can be generated from the scalar so-
lutions, which are

(AD)

Vi = Fi (ki p) ™K1, (A2)

where F (ki1 p) = Hyu(ki1p) and B> (ki p) = Jin(kay p), rep-
resenting outside and inside the cylinder, respectively. k;; =
ki — ki is the vertical component of the wave vector. Two

sets of solutions of the vector Helmholtz equations are given
by

1
vi= VX (2¥), (A3)
w; = le X v, (A4)

where £ is a unit vector in the z direction.
Then the curl relations of Maxwell’s equations require E
and H to have the following form:

E(r) = ajv; (v) +byw; (r)
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im
= { {k_paj.ijm (kjmip)

j,m
ik mL .
H;:z L bj mF/ ( j,mJ.p)jlp

jm
kjy

+ |:_ ]ij a]mFJ/m( j,mlp)

mk”

k2p

K2 .
+ liﬁml bjmFjm (kjm1p) 2 }el(m(pﬂc""z),

Jom

H;(r)= _ﬁki [aiv; (r) +biw; (7)]

ik [ [ikpkims
B oMo {[ kim ajmFjm (kjm1p)

b F]m (kj7mLp):|4;

(A5)

im N
+ ij,ij,m (kj,mLp) :| P

mkH

k' b] mF]/m (kj,nu_p) :|q3

2

k i
+ ]izml b],ij,m (kj’mlp> 2}el(m¢+k.mz)’

j.m

(A6)
where a; and b; are constant coefficients.
Appendix B: Angular momentum

This section aims to
derivation of orbital and

the details in the
angular momentums

show
spin

J=1- [&Errx(ExB)= 1= [d*r[Eq (r x V)Aq+ E x A]

a) The derivation of orbital angular momentum L
The first term of the right side of J is the orbital part. The
orbital angular momentum density is

_z94p
aa,’ ad)aA 5
loy=(rxV)Aqy = ( oy —pa—;)cb
24p
9~
_z aA(p A
oAy’ ¢a£
0 o\ 4
+ ( p —PTZ) Lo}
dAy .
¢ <
Z ¢9AZ A
“p a9 P
IA, 24, \ 3
+ (ZW —p Z >¢
DA, 4
99
Z
—<m
21c?h p
- v Y. fa Pk, [am eFlmT
m
— afme‘i’“llm"} . (B1)

Combining with the corresponding electric field component,

the orbital angular momentum is

1
= g | €l
z

; —5m

ih ®, . . 3 R
= ,,444wa/dr—mm

2V Zm,m SO, /wm wm/ . m

X [amaeik“?m‘l’ _ a:'naefik”‘m'l’:|

ik r —ik r
x [a,,,/a,e " —af, e il } (B2)

We can integrate different components over space as
I, = / dr (

melk” ! Teik”‘m'l’)

= iiV6m7m/.

B
ok, B3)
The p component of OAM L should be zero
Iy :/d3r (7sz.’meik”)mlreiknﬁmr)
= —RkzmV Sy (B4)
L= / & (me 1T V8, (BS)
ih s N
L== ) D P (ST AR AN ey
=Y, i, (B6)
0
where [, = ( —Rk; )
m
b) The derivation of commutation relation of S
[(50) (Sl = (83) 1 (S)
= (=ih)* €€ jmn = (—i1)* (8n1j — 8;6),  (BT)
[(5) (SD] 1 = (87) 1 (Si)
= (- lh)ZEﬂmé‘zmn = (—ih)? (8n61i — 6ji61n) - (B8)
Subtraction of two formulas gives
[(51)(S)) = (8,) (S, = (—ih)? (8t — 8jnbi) . (BO)

The difference of deltas can be replaced by the product of €’s

[(5:) () = (5)) ()], = (=ih)* (—€in) €mk

= (ihE,’jk) [—ih€k1n} = ihg;ji (Sk) (B10)

In*

Then the operator S; do satisfy the commutation relation

[(Si),(8))] = iheij (Sk)- (B11)
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